We discuss three-dimensional dynamic thermal imaging of structural flaws using dual-band infrared (DBIR) computed tomography. Conventional (single-band) thermal imaging is difficult to interpret. It yields imprecise or qualitative information (e.g., when subsurface flaws produce weak heat flow anomalies masked by surface clutter). We use the DBIR imaging technique to clarify interpretation. We capture the time history of surface temperature difference patterns at the epoxyglue disbond site of a flash-heated lap joint. This type of flawed structure played a significant role in causing damage to the Aloha Aircraft fuselage on the aged Boeing 737 jetliner. The magnitude of surface-temperature differences versus time for 0.1 mm air layer compared to 0. 1 mm glue layer, varies from 0.2 to 1.6 °C, for simultaneously scanned front and back surfaces. The scans are taken every 42 ms from 0 to 8 s after the heat flash. By ratioing 3-5 tm and 8-12 im DBIR images, we locate surface temperature patterns from weak heat flow anomalies at the disbond site and remove the emissivity mask from surface paint or roughness variations. Measurements compare well with calculations based on TOPAZ3D, a three-dimensional, finite element computer model. We combine infrared, ultrasound and x-ray imaging methods to study heat transfer, bond quality and material differences associated with the lap joint disbond site.
INTRODUCTION 1_i Background and technical approach
Previous applications of the dual-band infrared (DBIR) method developed at LLNL for underground and obscured object imaging and detection have depicted heat flow anomalies which produce distinguishable surface temperature differences from:
. geothermal aquifers under 6 to 60 meters of dry soil, 1,2 S cemetery walls, trenches and a building foundation under 80 cm of asphalt and debris, S buried mines, rocks and objects under 1 to 15 cm of disturbed sand, soil, or sod, 36 . sea ice thicknesses varying from 5 to 50 cm, 7, 8 . subsurface disbond and delamination sites in aircraft parts at 1 to 2 mm depths. '
In 1992, LLNL began a FAA Technical Center funded program to demonstrate DBIR precise temperature mapping as a tool for aging aircraft inspection. The DBIR method uses ratios of two thermal infrared (IR) images to locate subsurface structural flaws in aging aircraft parts and to remove surface clutter. We have located epoxy-glue disbonds in aluminum lap joints and delaminations in composite material patches. These disbond and delamination sites have thermal and emissivity-related signatures unlike those associated with surface roughness differences, coating discontinuities or other heterogeneous effects. The focus of this paper is to characterize interior flaws (e.g., their size, shape and depth) in flash-heated aircraft structures. We select the lap joint as an example for detailed investigations herein, since lap joint disbonds played a significant role in causing damage to the Aloha Aircraft fuselage on the aged Boeing 737 jetliner.
DBIR image ratios used for temperature map
The short wavelength band (SWB) image at 5 trn and the long wavelength band (LWB) image at 10 jim, are ratioed to produce a temperature map as follows:
SWB /LWB =(5)/(E1o). (T/T0)5 .
(1)
The temperature map enhances surface temperature differences and minimizes surface emissivity variations for coated aircraft surfaces which have nearly the same emissivity at 5 tm and 10 tm.
1.4 DBIR image ratios used for emissivity-ratio map Also, we produce au emissivity-ratio map using image ratios which cancel out the effect of surface temperature:
The emissivity-ratio map enhances the emissivity-ratio differences between painted (or coated) and uncoated aluminum aircraft structures to remove the effect of surface clutter. It depicts sites with the same (or very different) surface emissivity ratios at the same (or very different) gray scale (or color-coded) levels, independent of their surface temperature. It is useful, in combination with the temperature map to locate surface temperature patterns (generated by weak heat flow anomalies at subsurface flaw sites) and remove the emissivity mask (from surface roughness differences, coating discontinuities or other inhomogeneous effects).
RATIONALE FOR PRESENT STUDY

Transition from previous studies
We address key technical issues: fast-capture thermography, flaw depth detection and clutter-free interpretation applied to disbond sites in an aluminum lap joint. We use the differences in the time history of air minus epoxy-glue site surface temperatures and of first derivatives of surface temperature with respect to time, to characterize the disbond physical properties. We compare measurements with calculations based on the three-dimensional implicit finite element computer code, TOPAZ3D, used for transient or steady-state heat transfer analysis. We capture surface temperature slices every 42 ms and record simultaneous front and back surface temperature scans from 0 to 8 seconds after a synchronized heat lamp flash which heated the front surface of the lap joint. These results are compared with calculations.
Use of multisensor technologies
We investigate multisensor technologies (infrared, ultrasound and x ray) to provide synergistic results for characterizing subsurface defects in aircraft parts. We use infrared sensors to image the dynamics of heat transfer anomalies, ultrasound to image variations in bond quality, and x rays to image material differences between air and epoxy glue at the disbond site. This provides a robust inspection technique for characterizing the nature of subsurface flaws in relation to their heat transfer properties, their bond qualities and their material differences. Also, we use computer processing techniques which parallel our experimental efforts to characterize the 3D heat transfer anomalies generated by subsurface defects.
MEASUREMENT PROCEDURE
Application
We are developing a capability for dynamic thermal tomography using dual-band infrared (DB[R) imaging for nondestructive inspection (NDI) technology as part of the FAA Technical Center's National Aging Aircraft Research Program. We describe an inspection technique to provide an early warning of hidden defects in aircraft structures such as voids, cracks, delaminations, inclusions, disbonds or areas of corrosion in metallic lap joints, riveted panels and composite patches.
recorded at wavelengths centered near 10 im (LWB) and 5 pm (SWB), for comparison with temperature map images derived from Equation (1) and emissivity-ratio map images derived from Equation (2).
Infrared corn puted tomography
We expect infrared computed tomography to be achievable with resources developed at LLNL for other applications. By synchronizing the heat source such as a series of flash lamps (or a flying spot laser) with the Agema 880 DBIR camera and digital image processing system to record and process images taken at intervals of 42 ms. Surface thermal patterns have spatial and time variations that characterize the location, size and depth of subsurface defects in the host material. Calculations based on the TOPAZ 3D heat transfer model and other models developed for x-ray and gamma-ray computed tomography (CT) will be used to reconstruct 3D images of structural defects. We are addressing the inherent problems associated with singleband dynamic thermal tomography using the DBIR technique.
To identify small temperature differences from weak heat flow anomalies at the sites of deep structural defects, one must first remove the order of magnitude larger apparent temperature differences from surface emissivity noise. There are no algorithms able to do this for a single-band system. The alternative is elaborate surface preparation (using paint, paper or powder). This raises the sensitivity threshold for weak heat flow detection.
The DBIR imaging technique provides a factor of ten better temperature-difference sensitivity, accuracy and precision. This technique offers improved image clarity and interpretability when we use ratios of 5 and 10 im IR images to remove clutter and enhance thermal contrast. In addition, the DBIR method maps corrected temperature patterns (associated with weak heat flow anomalies at defect sites) and removes spatially varying surface emissivity noise (associated with surface roughness differences, coating discontinuities or other inhomogeneous effects).
CALCULATION PROCEDURE
Use of TOPAZ3D model 0
Thermal analysis of the Boeing lap joint test specimen was performed using TOPAZ3D. TOPAZ3D is a three-dimensional implicit finite element computer code for transient or steady state heat transfer analysis. A variety of time or temperature dependent boundary conditions may be specified, including temperature, flux, convection, and radiation. Material properties may be temperature dependent and either isotropic or orthotropic. TOPAZ3D has been extensively used at LLNL for more than a decade. The finite element mesh of the lap joint test specimen, which takes advantage of half-symmetry, consists of 4032 brick elements (see Figure 1 ). We used four elements through the thickness of each aluminum plate and two elements for layers of epoxy glue or air. Extra mesh discretization across the plate surfaces is used at the epoxied edges. Figure 1 . Finiteelement mesh of test specimen used to calculate heat flow anomalies generated on the front and back surfaces of a front-heated aluminum lap joint where a 0. 1 mm air gap at the disbond site replaces a 0.1 mm epoxy-glue layer at the high quality bond site.
The flash-lamp heat pulse is approximated as a constant heat flux applied uniformly over the front surface of the test specimen. The time for heating is 4.2 ms which corresponds to the duration of the flash-lamp pulse in the experiment, however we realize that the actual flash pulse is neither constant nor uniform. In determining the magnitude of the applied flux we had to estimate the absorptance of the test specimen and the fraction of emitted flash-lamp light which reaches the test specimen. Radiative and convective heat losses to the ambient environment are included in the calculation. Conduction occurs within the target at a much faster rate than it does to the ambient environment. We have confidence in the accuracy of the temperature field calculated by TOPAZ3D. The TOPAZ3D result for the peak front surface temperature compared well with the temperature calculated from a one-dimensional closed-form solution. In addition, the finite element mesh was refined to show that convergence had been reached. The penetration depth of the flash-lamp heating pulse into the aluminum plate (during the pulse) was determined to be 60 mils (0.06 inches) at the end of the pulse. 12 TOPAZ3D results are shown later in the text for comparison with measurement. We simulate an experiment where two flash lamps were used to illuminate the test specimen, whose surfaces had been coated with black paint to enhance absorptivity. The trend of the simulation result parallels the trend of the experimental data quite well. However, in the numerical simulation, the test specimen equilibrated to a uniform temperature more rapidly than in the experiment. This discrepancy is because the material properties used in the TOPAZ3D calculation were estimated, hence they differ from the actual properties of the test specimen. We plan to resolve the property differences in future TOPAZ3D calculations. Table I lists the material properties used for the current result. 
Algorithms under consideration for three-dimensional reconstructions
We discuss the possibilities for developing volumetric infrared computed tomography (IRCT) with a review of the x-ray case. Before we propose reconstruction algorithrns, we will analyze the volumetric information in pulse-heated, cooling cycle images of objects. It is our intention to make as much connection with the x-ray case as possible, and on this basis utilize the work already available for x-ray and gamma-ray computed tomography (CT). 13
Computed tomography reconstruction algorithms calculate volumetric information from detected integrations of energy which has traveled through the object. The canonical case for x-rays is the 3rd generation scan of an object, and we consider a single x-ray transmission measurement. For example, we consider a cone-beam source with a spot size which is small enough to make a 'point-source' approximation reasonable. The object is a 3D function, which has linear attenuation coefficients ji(E,Z,r, v), which vary with: the 3D position, v (a volume element or voxel), the energy of the radiation impinging on that voxel, E, the effective atomic number, Z, and the average density of the voxel, r. The interaction of the object function with the primary radiation from a cone-beam source follows Beer's Law, as shown in equation (4):
where the equation for the ray path is s(q) + 1u(q),where s(q) is the position of the source relative to the object rotation, 1d
the distance from source to detector, and u(q) the direction cosines of the path between source and detector, again relative to the object rotational angle.
For gauging, and quantitative radiography, a measurement of Np() is acquired and employed to obtain the transmission Tp, and the absorpiance Ap, as indicated below:
For CT scanning, the acquisition of Ap(E, d,q) for an angular range of ic (for parallel beam data), or 2ir(for fan or cone data), can be reconstructed into a per-voxel image of the object function.
The input data to a CT reconstruction is a set of line integrals, over some set of transmission lines through the object, determined by the source distribution function. The many rotational views input to the reconstruction algorithm are used to reconstruct the inner contents. It is one of the key features of the x-ray case that the linear attenuation coefficient is the product of the density and the chemical formula and admits a straightforward interpretation.
Infrared observations of the aluminum lap joint cooling cycle is different and thus presents different opportunities for possible volumetric applications. The heat conduction equation
(aO/3t)=a(O/az) (6) has the following solution
or, The temperature at the surface of an object that has been changed by rapid heating can be viewed as the integration of the cooling from the depths of the material dissipating into the surrounding medium. After the heat source is off, the temperature at the surface of the material measures the integration of the heat dissipating from the inner layers to the surface, and depends upon the heat diffusivity of the materials between a selected layer and the surface. Indeed, the heat flux observed at the surface of the object f(x,y,zl,t) observed through the cooling cycle (integrated through time segment tl) can be related to the deviations from the mean temperature of the inner layers;
f(x,y,zl,tl) = if O(z,t) lz t = O(O,a)ff e1 sin(2itot -kz) zat (9) The first issue in obtaining these measurements is the ability to know the penetration depth of the heat pulse, and the time at which the maximum temperature was obtained. We propose to observe the specimen with two cameras at the same time.
The significance of this arrangement is in the measurement of O(O,a) for the cooling cycle data on both sides and recording the depth of penetration of any heat pulse. We will attempt to construct line integral data with these measurements and make use of existing algorithms.
RESULTS
Lap joint disbond site viewed with infrared, ultrasound and x-ray images
In Figure 2 , we see a diagram of the lap joint with features similar to what is used on a Boeing commercial jetliner. There is a rectangular (0.1 mm thick) air layer without epoxy at the center of (a) representing the disbond site. To the right of the lap joint diagram is a 10 im JR image of the disbond site, the surface of which is 0.4 or 0.5°C warmer (where it was flash heated) than the epoxy-glue sites which surround it (b). To the right of the IR image is the ultrasound image which shows a better bond quality at decreasing values for the epoxy-glue sites (c). The far right image (d) shows reverse geometry x rays at 100 keV which scatter x-rays differently through two overlapping (0.9 mm thick) Al sheets with a 0.1 mm air gap than through the same sheets with an equally thick epoxy-glue layer. We used fast-captured surface temperature images to study the temperature versus time history of subsurface defect sites from a lap joint like the structure which was largely responsible for the fuselage problem on the Aloha Airlines Boeing 737 jetliner. We combined three mullisensor techniques to characterize the lap joint disbond site, namely: infrared, ultrasound and x ray. The infrared technique provided information about heat transfer anomalies, the ultrasound technique about bond quality and the x-ray scattering technique about material differences at the disbond site.
Our future plans are to use TOPAZ3D calculations to model the dynamic relationships between the flaw site surface temperature versus time and the subsurface flaw size, shape and depth. We will adapt the appropriate DBIR procedures based on our experiences which have successfully developed x-ray and gamma-ray computed tomography. These procedures will be tested to determine the three dimensional heat transfer properties which lead to circular thermal images on back surface scans of lap joint disbond sites compared to rectangular thermal images on front surface scans taken at the same time. 
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